Cyclization reactions of propargylic amides, due to their rapid assembly of structural complexity and good functional group compatibility, have gained considerable attention in recent years. These transformations have been successfully achieved with transition metals, halogen sources, Bronsted acids, and strong bases. Generally, the cyclizations proceed through a 5-exo-dig or 6-endo-dig fashion to furnish heterocycles.
Introduction
Nitrogen-containing heterocycles constitute the largest and most varied family of organic compounds. Among them, oxazoles and their derivatives are regarded as privileged structural motifs in numerous natural and synthetic bioactive products.
1 Therefore, a variety of highly efficient and general methodologies, including the oxidative coupling of amines and ketone derivatives, the intramolecular cyclization of preformed precursors, and one-step bimolecular annulations, have been developed for the construction of oxazoles.
2
In particular, cyclization reactions of propargylic amides, aiming at attaining high levels of structural complexity and good functional group compatibility in a convergent and atom-economical mode under mild reaction conditions, have gained considerable attention and significant progress has been made in this area. These transformations have been successfully achieved with transition metals, such as Pd, Au, Ag, Cu, Zn, Fe, W, Mo, and Ce, as well as with Bronsted acids and strong bases. Furthermore, along with the impressive achievements in electrophilic cyclization of alkynes, 3 the halogen-triggered cyclization of propargylic amides has undoubtedly emerged as a powerful tool for the synthesis of oxazole derivatives. The resulting halide heterocycles can easily undergo further transformations, which makes them extremely versatile building blocks for organic synthesis. It should be mentioned that a concise set of guidelines, known as 'the Baldwin rules', has been proven to be a useful tool for evaluating the feasibility of ring-closure reactions. 4 Baldwin described the cyclization processes in terms of three factors: (1) the ring size being formed (a numerical prefix); (2) the geometry of carbon atom undergoing the ring-forming reaction (sp = diagonal, sp 2 = trigonal, and sp 3 = tetrahedral); (3) the pattern of the breaking bond (exo, the breaking bond is outside of the formed ring, and endo, the breaking bond is inside of the new ring) (Scheme 1). Transition-metal-catalyzed and electrophilic cyclizations of propargylic amides generally proceed through a 5-exo-dig fashion to construct oxazole derivatives, whereas, in some cases, a 6-endo-dig cyclization occurs to give the six-membered oxaza heterocycles (Scheme 2). Some factors including the structure of propargylamides, interactions between ligands and catalysts, as well as the nature of the electrophilic source might account for these two different cyclization modes. The main focus of the present review is non-transition metal mediated and transition-metal-catalyzed cyclizations of propargylic amides reported in recent years. We hope this digest will serve as a handy reference for chemists interested in developing new cyclization reactions of propargylamides.
Preparation of propargylic amides
Terminal propargylamides can be easily prepared from the commercial available propargylamines with acyl chlorides in the presence of Et 3 N (Scheme 3, Eq. 1). 5 TMS-protected propargylamines are found to be the perfect precursors for the synthesis of internal substrates, 23 which can also be synthesized from the corresponding propargylalcohols by a nucleophilic substitution of azide, reduction, and acylation process (Scheme 3, Eqs. 2 and 3). 5 Arndtsen and co-workers described a Zn(II)-or Cu(I)-catalyzed multicomponent synthesis of secondary propargylamides from aldehydes, alkynes, and acyl chlorides (Scheme 3, Eq. 4). 13 Notably, Williams et al. 17 and Ciufolini and co-workers, 16 developed an appealing alternative toward propargylic amides involving coupling of alkynylmetallic agents with a-chloroglycinates (Scheme 3, Eq. 5). Moreover, N-sulfonyl propargylamides can be obtained by an analogous method.
Non-transition metal-mediated cyclizations Silica gel-promoted cycloisomerizations
In 2004, Wipf et al. disclosed a versatile silica gel-promoted cycloisomerization of readily available propargylic amides into polysubstituted oxazoles (Scheme 4). 5 A variety of densely functionalized oxazoles could be prepared in high yields under mild conditions. It is believed that this process proceeds via a 5-exo-dig cyclization into oxazolines, followed by isomerization to generate oxazoles.
Acid-promoted cycloisomerizations
Müller and co-workers reported a consecutive one-pot threecomponent approach toward oxazoles by acid-promoted cycloisomerization of in situ generated propargylic amides (Scheme 5). 6 As an extension of Wipf's method, this reaction undergoes amidation-coupling-cycloisomerization (ACCI) sequence to provide various oxazoles. It is noted that the use of only one stoichiometrically necessary equivalent of reactants (RCOCl) and additives (Et 3 N, p-TSA) renders the one-pot process practical, economic, and rapid. A similar acid-mediated one-pot propargylation/cycloisomerization tandem process for the synthesis of oxazoles was investigated by Zhan and co-workers (Scheme 6). 7 Both aryl and alkyl groups were well tolerated, providing the corresponding oxazoles in 75-93% yield. Thus, this approach provides us an efficient alternative for the synthesis of trisubstituted oxazoles. PTSA is suggested as a bifunctional catalyst to promote two mechanistically different processes under same conditions. 
Base-induced cycloisomerizations
In 1989, Hacksell and co-workers described a base-induced cycloisomerization of propargylamides into oxazoles and also performed some control experiments to elucidate this process (Scheme 7). hydrolysis of an ethoxycarbonyl group with KOH produces the malonic half-esters. Subsequently, decarboxylation by KOH leads to the formation of allenylamide, followed by a 5-endo-mode cyclization to form oxazoles. Shortly after, an analogous method for the synthesis of oxazoles was developed by Clark's group (Scheme 9, Eq. 2).
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A base-promoted cycloelimination of propargylic amides toward 5-vinyloxazoles was disclosed by Wipf et al. (Scheme 10). 12 It is suggested that the departure of the propargylic nucleofuge (OBn group) results in the formation of a cumulene, which then advances to a vinyloxazole by an electrocyclization/ tautomerization sequence.
In 2005, Black and Arndtsen reported a one-pot fourcomponent reaction toward oxazoles (Scheme 11). 13 The process is considered to proceed through the attack of a copper-or zinc-acetylide on an in situ generated N-acyl imines to afford propargylic amides. A subsequent NaH-mediated cycloisomerization occurs under the same conditions. More recently, Wan et al. developed a new methodology for the construction of oxazoles involving DBU-catalyzed cycloisomerizations of N-sulfonyl propargylic amides via sulfonyl migration (Scheme 12).
14 This transformation tolerated various substituents on the aromatic ring, regardless of the electronic effects and positions. The alkyl-derived substrates underwent the reaction smoothly, furnishing the oxazoles in moderate to good yields. It is noteworthy that aryl groups in R 1 were found to be essential for this conversion. Furthermore, subjecting N-Ts propargylamides to 10 mol % DABCO in dichloromethane gave allenic amides as the main products (Scheme 13). And just as expected, the resulting allenic amide could also undergo a 5-endo-mode cyclization under the standard conditions, indicating that allenylamide was the intermediate of this procedure. Besides, a crossover experiment reveals that the migration of the sulfonyl group proceeds via an intermolecular pathway. 
PIDA-mediated cycloisomerizations
Saito et al. demonstrated a PIDA-mediated oxidative cycloisomerization of propargylic amides into oxazoles (Scheme 14). 15 Propargylamides bearing a terminal alkyne motif could be transformed into oxazoles in high yields, while internal substrates only gave poor results. The authors proposed two possible pathways for this process. For internal propargylamides, the activation of the triple bond by PIDA facilitates the subsequent nucleophilic attack of the oxygen atom, followed by isomerization and substitution of phenyliodonium by AcOH to afford the oxazoles. Moreover, an alkynyliodonium intermediate was also proposed for the cyclization of terminal substrates.
Iterative oxazole assembly by a-chloroglycinates and alkynylmetallic agents A highly efficient iterative approach to polyoxazoles was unveiled by Ciufolini's group (Scheme 15). 16 Propargylic amides derived from glycinate were first prepared by Williams et al., involving coupling of 1-stannylalkynes with a-chloroglycinates (Scheme 15). 17 However, it turned out that 4-carbalkoxyl oxazoles were readily obtained just by extending the reaction time. Thus, more efforts were devoted to find non-toxic alkynylmetallic agents to form oxazoles via the same process. Fortunately, when dimethylaluminum acetylides, instead of organotin reagents were used, various oxazoles were also afforded in good yields. Additionally, the carbalkoxyl group could be further transformed into another chloroglycinate, which easily underwent the same cyclization to form bisoxazoles. This iterative methodology has been applied for the synthesis of some bioactive natural and unnatural products.
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The same group developed an analogous one-pot access to 5-vinyloxazoles by the reaction of OPh-substituted dimethylaluminum alkyne with a-chloroglycinates (Scheme 16). 19 However, the reaction only gave poor results, which may be ascribe to the facile degradation of the resulting aluminum acetylides. It should be noted that 5-trimethylsilylmethyl oxazoles provided by the aforementioned method could easily undergo a Peterson avenue to generate more complex 5-alkenyl oxazoles. 20 
Halogen-triggered electrophilic cyclization
Electrophilic cyclization of alkynes containing heteroatom has been demonstrated as an efficient access to heterocycles.
3 In 1981, Caristi and co-workers reported the first electrophilic cyclization of propargylic amides into 5-methylene oxazolines (Scheme 17). 21 Different electrophiles such as bromine, iodine, and (MeS) 2 SMeSbCl 6 could trigger this reaction. The E-configuration of the products is suggested by the anti-attack of the carbonyl group on the triple bond. Following a similar design principle, Hashmi and co-workers used a different halide source, Barluenga's reagent (bis (pyridyl)iodonium(I) tetrafluoroborate (Py 2 IBF 4 )), to induce this cyclization (Scheme 18). 22 This reaction proceeded smoothly to furnish the corresponding 5-methylene oxazolines in moderate yields, regardless of whether aromatic or aliphatic moieties were employed. Besides, non-terminal substrate also gave good results under the standard conditions. 23 In a recent study, Wan and co-workers expanded the scope of this cyclization by using N-sulfonyl propargylic amides as the substrates. Surprisingly, when N-sulfonyl substrates were subjected to the iodocyclization conditions, polyfunctionalized oxazolidines with an exocyclic double bond and a quaternary carbon atom were obtained in moderate to good yields (Scheme 19). 24 Whereas, iodoalkylidenedihydrooxazoles, instead of oxazolidines, were found to be the main products when the solvent was changed to N,N 0 -dimethylformamide (DMF). A 5-exo-dig process was proposed for these two cyclizations (Scheme 20). In addition, the resulting dihydrooxazoles could be efficiently converted into 5-carbonyloxazoles just in the presence of dioxygen (1 atm) (Scheme 21). 5-Methylene oxazolines, which were prepared according to Caristi's method, underwent this oxidation smoothly to produce oxazole-5-carbaldehydes in good yields. Moreover, a two-step, one-pot, gram scale reaction was accomplished successfully.
Conversely, Domingo and co-workers developed a facile halogen-mediated regioselective cyclization of N-Cbz-protected propargylamines into various 1,3-oxazin-2-ones through a 6-endo-dig fashion (Scheme 22). 25 In most cases, the nature of the substituents had no influence on the results of this reaction. DFT calculations indicate that the electrophilic attack of bromine on the triple bond is completely regioselective and 6-endo-dig cyclization is favored. Besides, the methyl elimination is the rate-determining step (RDS) of the reaction.
Transition metal-mediated cyclizations
Hg (II)-promoted cycloisomerizations
The first transition-metal-catalyzed cyclization of propargylamides was described by Eloy and Deryckere in 1973, who employed Hg(OAc) 2 as the catalyst to deliver oxazoles (Scheme 23). 26 This approach has been adopted to synthesize oxazole-containing bioactive and druglike molecules, such as agonist for 5-HT receptors (Scheme 23, Eq. 1). 27 Recently, Qian and co-workers disclosed an analogous method for the construction of 5-oxazolecarbaldehydes with mercury(II) perchlorate as catalyst and ammonium cerium(IV) nitrate as reoxidant agent (Scheme 23, Eq. 2). 28 
Pd-catalyzed cyclizations
In 1995, Costa and co-workers reported a Pd/C-or PdI 2 -KI-catalyzed oxidative cyclization-alkoxycarbonylation of propargylic amides into 5-methyleneoxazolines in good yields (Scheme 24). 29 It is noteworthy that the presence of dimethyl groups adjacent to the triple bond is a requisite for this process (known as 'the gem-dimethyl effect'). Furthermore, the outcome of the cyclization of such substrate, bearing a suitably placed chelating pyridine group, could be increased to 83%. The E-configuration of the products suggests that an anti 5-exo-dig attack of the oxygen on the Pd(II)-activating triple bond results in the formation of an (E)-vinylpalladium intermediate, followed by methoxycarbonylation to afford the desired product and Pd(0). Reoxidation of the Pd(0) species regenerates the catalyst.
Later, a novel approach for the synthesis of oxazoles via a sequential Pd-catalyzed coupling/cycloisomerization reaction of propargylamides with aryl iodides was demonstrated by Cacchi and co-workers (Scheme 25). 30 Various substituents on the aromatic rings were all compatible with this cyclization, producing the oxazoles in moderate to good yields. Broggini and co-workers presented an analogous Pd-catalyzed 5-exo-dig oxidative cyclization of propargylic amides into 5-oxazolecarbaldehydes (Scheme 26). 31 Aryl, heteroaryl, and alkyl propargylamides underwent this reaction efficiently, albeit with low yields in some cases. An anti 5-exo-dig cyclization produces (E)-vinylpalldium complex, followed by the intervention of water, through enol form, to afford dihydrooxazole-5-carbaldehyde. A subsequent oxidation reaction results in the formation of oxazoles. In 2010, Saito, Hanzawa and co-workers developed a new methodology toward oxazoles through a Pd-catalyzed cycloisomerization-allylation tandem reaction of propargylamides with allyl carbonates (Scheme 27). 32 Both terminal and non-terminal substrates gave good results. A p-allyl palladium complex, which is first generated from Pd(0) and allyl ethyl carbonate, activates the triple bond to facilitate oxypalladation. A subsequent reductive elimination leads to the product. Kato and co-workers reported a versatile [(box)Pd(II)] complex catalyzed reaction of propargylic amides into oxazoles or oxazolines via a cyclization-carbonylation-cyclization sequence (Scheme 28). 33 Just like the previous works, non-substituted propargylamides gave various oxazoles, whereas, oxazolines would be readily obtained when dialkyl substituted substrates were employed. Remarkably, this general strategy can be applicable to prepare symmetrical bisoxazoles and bisoxazolines.
Au-catalyzed cyclizations Au(III)-catalyzed cyclizations
Recently, gold(I) and gold(III) complexes, due to their excellent ability to activate CAC multiple bonds, have been widely employed to catalyze the cyclizations of propargylamides. In 2004, Hashmi et al. 34 and Nishibayashi and co-workers 35 independently disclosed a Au(III)-catalyzed 5-exo-dig cycloisomerization of propargylamides into oxazoles (Scheme 29). A variety of oxazoles containing aromatic or aliphatic groups were readily obtained in good to excellent yields by using this strategy. A 5-methyleneoxazoline was proposed as the intermediate of this reaction, which underwent an isomerization to produce oxazole. Later, the same reaction was also observed by Padwa and co-workers 36 affording indolederived oxazoles in good yields (Scheme 29). Interestingly, Urriolabeitia and co-workers synthesized a series of air-and moisture-stable Au(III) iminophosphorane complexes and successfully employed them to catalyze the cyclizations of propargylamides (Scheme 30). 37 Strand and co-workers reported an exceptionally mild Au(III)-catalyzed cycloisomerization of propargylamide, which was generated in situ by an one-pot three-component reaction of phenylacetylene, acyl chlorides, and N-benzylimines (Scheme 31). 38 The departure of the benzyl group on the propargylic nitrogen enables this process. It should be noted that when N-Bn propargylamines were directly employed, this reaction could occur without gold catalyst. Various polyfunctionalized oxazoles possessing aliphatic or aromatic groups can be formed by these two general and practical methods. Encouraged by Hashmi's work (Scheme 29), De Brabander and co-workers envisaged that whether the 5-methyleneoxazoline intermediate could be intercepted by an electrophile before the isomerization occurred (Scheme 32). 39 Gratifyingly, it turned out that bromine could successfully trap the intermediate, producing the corresponding bromomethyl oxazoles in good yields. 
Au(I)-catalyzed cyclizations
Remarkably, Hashmi et al. found that methlyenedihydrooxazoles turned out to be the main products when subjecting propargylamides to Au(I) catalysts (Scheme 33). 22, 40 Terminal substrates possessing aliphatic or aromatic moieties underwent this 5-exo-dig cyclization smoothly, delivering dihydrooxazoles in good yields. IPrAuOTs was found to be the best catalyst for the cyclization of non-terminal propargylamides (Scheme 33). 23 However, when internal substrates with alkyl substituents on the alkyne unit were employed, 6-endo-dig cyclization products 1,3-oxazines could be obtained. It also should be noted that the same group 41 and Ahn and co-workers, 42 independently isolated and characterized the vinylgold intermediates successfully, which gave us a mechanistically understanding of this process. In 2012, the same group demonstrated an efficient in situ oxidation of methyleneoxazolines into hydroperoxymethyloxazoles under the above-mentioned cyclization conditions. (Scheme 34). 43 The versatile protocol reveals good compatibility of gold catalysis and radical reactions.
Interestingly, during further investigation of these reactions, Hashmi et al. observed that when N-alkyl substrates were submitted to the previous cyclization conditions, acyloxy-substituted allylammonium salts were unexpectedly obtained (Scheme 34). 44 It is suggested that alkylideneoxazolinium salt intermediate is initially formed, followed by the nucleophilic attack of water and ring-opening to give the final product. The oxazolinium intermediate was indeed isolated when HBF 4 was employed.
In 2006, Buzas and Gagosz 45 and Adrio and co-workers 46 independently disclosed a mild and practical access to alkylidene-2-oxazolidinones through Au(I)-catalyzed 5-exo-dig cyclization of N-Boc protected propargylamines (Scheme 35). A number of oxazolidinones containing aromatic or aliphatic motifs were readily afforded in excellent yields. This reaction involves the nucleophilic attack of the carbamate carbonyl group on the Au(I)-activating triple bond to produce a vinylgold intermediate. Subsequent fragmentation of CAO bond, by releasing isobutene and a proton, can give the neutral vinylgold species, which then undergoes protodeauration to provide the product. Shortly after, the same reaction was also observed by Shin's group. 47 
Ag-catalyzed cyclizations
In 2008, Harmata and Huang described a silver-catalyzed cyclization of propargylamides into methyleneoxazolines (Scheme 36). 48 An array of alkyl-and aryl-substituted terminal substrates could be efficiently converted into oxazolines. Besides, N-Boc protected propargylamines could also undergo this reaction when submitted to the standard conditions. Very recently, Wan and co-workers unveiled a novel approach toward 4-sulfonylmethyloxazoles via a silver-catalyzed [3,3]-rearrangement/sulfonyl migration tandem reaction of N-sulfonyl propargylamides (Scheme 37). 49 In most cases, both electron-withdrawing and electron-donating substituents in aromatic R 1 or R 2 groups were well tolerated, furnishing the sulfonylmethyloxazoles in moderate to good yields. However, alkyl-derived substrates did not undergo the cyclizations. Moreover, the substrates could be easily transformed into the corresponding N-sulfonyl allenic amides just in the presence of Et 3 N. When the resulting allenylamides were subjected to 10 mol % AgBF 4 in toluene at 80°C, 5-vinyloxazoles were unexpectedly obtained in good yields (Scheme 37). Thus, this protocol can be readily applied for the synthesis of 5-vinyloxazoles. Mechanistically, in contrast to the previous transition-metal-catalyzed 5-exo-dig cyclization mode, this reaction is believed to proceed via a 6-endo-dig cyclization to generate six-membered vinylsilver species, which then collapses into an allene intermediate. Subsequent nucleophilic attack of nitrogen atom on the sp-allenyl carbon leads to the formation of a zwitterionic intermediate, followed by sulfonyl migration to furnish oxazoles (Scheme 38).
Cu-catalyzed cyclizations
Jin et al. realized the synthesis of methyleneoxazolines via a Cu-catalyzed 5-exo-dig cyclization of propargylic amides (Scheme 39).
50 By employing this protocol, a variety of steroidal propargylamides were cyclized to provide the corresponding spiro-oxazolines in moderate to good yields. Moreover, some of the resulting steroids are shown to possess high potency and good selectivity in the separation of antiprogestational and antiglucocorticoid activity. Alhalib and Moran also described an analogous approach toward dihydrooxazoles through Cu-catalyzed cyclization of terminal propargylamides (Scheme 40). 51 The gem-dialkyl groups on the propargylic position turned out to be essential for this conversion. This reaction proceeds through the formation of a copper acetylide, followed by 5-exo-dig cyclization, proton transfer and protonation to afford the oxazolines. However, the alternative mechanism of CuI-activating the triple bond for the subsequent cyclization cannot completely be ruled out. In 2011, Pérez and co-workers reported a novel Cu(I) complex catalyzed reaction of simple alkynes with acyl azides into disubstituted oxazoles (Scheme 41). 52 A Cu-catalyzed azide-alkyne cycloaddition (CuAAC) reaction leads to the formation of N-substituted-1,2,3-triazoles, which can be further transformed into the copper ketenimide species. A subsequent protonation, cyclization, and 1,2-hydrogen shift sequence affords oxazoles. An array of 2,5-disubstituted oxazoles were prepared in moderate to good yields and with complete control of the regioselectivity.
ZnI 2 -and FeCl 3 -promoted cyclizations
Wang and co-workers reported the first example of a ZnI 2 and FeCl 3 mediated cyclization of propargylic amides for selective synthesis of oxazolines and oxazoles through a 5-exo-dig fashion (Scheme 42). 53 These two processes have a wide substrate scope and give excellent results. A nucleophilic attack of oxygen atom on the ZnI 2 -activating triple bond leads to the formation of vinylzinc intermediate, followed by protonation to provide oxazolines. FeCl 3 is suggested to act as a Lewis acid to promote cyclization.
W-and Mo-catalyzed cyclizations
Meng and Kim, used W and Mo catalysts for the cyclization of propargylic amides into oxazolines and oxazines (Scheme 43). 54 Unsubstituted substrates provided oxazolines exclusively in high yields, whereas a-methyl substituted propargylamides gave a mixture of oxazolines and oxazoles. However, the oxazine was obtained as a major product when a dimethyl substituted terminal substrate was subjected to the standard conditions using 20 mol % W(CO) 6 or Mo(CO) 6 . The ratio of the oxazolines and oxazines is dependent on the nature of the catalysts and the structure of propargylamides. Mechanistically, the triple bond is activated by coordination with W or Mo catalyst to form a p-alkyne complex, which is in equilibrium with vinylidene complex. A subsequent 5-exo-or 6-endo-mode cyclization results in the formation of oxazolines or oxazines.
CeCl 3 -promoted cyclizations
In 2012, Giovannini and co-workers developed an efficient approach toward oxazoles through 5-exo-dig cyclizations of propargylamides by using CeCl 3 /NaI/I 2 system under microwave irradiation (Scheme 44). 55 Terminal and non-terminal substrates possessing a wide array of functional groups underwent this reaction smoothly, giving the corresponding oxazoles in moderate to excellent yields. Bisoxazoles can be easily accessed by this protocol. However, the precise mechanism of this cyclization still remains unclear.
Yb(OTf) 3 -catalyzed cyclizations
Chan and co-workers described a Yb(OTf) 3 -catalyzed cyclization of trisubstituted propargylic alcohols with aryl amides into functionalized oxazoles (Scheme 45). 56 It is suggested that allenylamide is first formed in situ by a dehydration reaction of propargylalcohol with amide in the presence of Yb(OTf) 3 , which then undergoes a 5-endo-mode cyclization to produce oxazoles. The reaction was accomplished in good yields and with complete regioselective control.
Conclusion
This digest has highlighted recent important advances that have been made in the cyclization reactions of propargylic amides. The transformations presented generally proceed via a 5-exo-dig pathway, especially in the transition-metal-catalyzed and electrophilic cyclizations of terminal propargylamides. The nature of the catalysts and the structure of propargylamides have great influences on the cyclization modes. On the other hand, these cyclization reactions, due to their rapid assembly of structural complexity and good functional group compatibility, have emerged as exceptionally powerful tools for the synthesis of N-containing heterocycles. Despite the impressive progress that has been made in this area, it is still highly desirable to explore more efficient and practical, as well as sustainable, catalytic systems for the cyclization of propargylamides. Thus, we hope this digest will promote continued interests in developing new cyclization reactions and encourage chemists to employ these valuable methodologies in heterocyclic and medicinal chemistry. 
